Using a combination of optical and ultrasonic imaging in conjunction with micro-X-ray tomography, we have identified the existence of two classes of defects in [0°/90°] cross-ply polymeric composites made from ultrahigh molecular weight polyethylene (UHMWPE) fibers and thermoplastic resins, and investigated their effects upon the transverse compressive strength of laminates of various thicknesses and lateral dimension. One defect type consisted of equal spaced tunnel cracks that resulted from anisotropic thermal contraction of the laminates after processing. The second consisted of void-like defects resulting from missing groups of fibers. Like the tunnel cracks, this defect extended many centimeters in a ply's fiber direction. While tunnel cracks were healed upon out of plane compression, and therefore have little effect on a laminates out of plane compressive strength, the missing fiber defects significantly degraded the compressive strength. However, the degradation was reduced by increasing the laminate thickness. Compression tests using pressure sensitive film and acoustic emission monitoring reveal that regions containing missing fiber defects are shielded from load by defect free regions, which then fail at lower sample pressure during loading. A simple statistical model is used to simulate the distribution of missing fiber defects as local reductions in ply thickness, and reproduced the contrast observed in optical and ultrasonic images, as well as the reduction in out of plane compressive strength observed in experiments.
Introduction
The combination of new methods for making ultra-high molecular weight polyethylene (UHMWPE) with molecular weights approaching 10 7 Da, and gel spinning based techniques for making highly crystalline fibers from it, has led to the emergence of polyethylene fiber composites whose fiber strength can exceed 50% of the (approximately 7 GPa) theoretical strength of the PE molecule (Smith and Lemstra, 1980; Pennings et al., 1990; Wang and Smith, 1999) . The fibers are typically combined with lower molecular weight thermoplastic polymers to form a unidirectional ply several fibers thick, Fig. 1 . These plies are then stacked in a [0°/90°] 2 sequence to create 4 ply thick tapes that can be warm consolidated (just below the melting temperature of the crystalline polymer fiber) to form laminated materials with fiber volume fractions of around 85%. UHMWPE fiber reinforced polymer matrix composites exhibit remarkable resistance to penetration during localized impact loading by blunt projectiles (Lee et al., 1994; Iremonger, 1999; Cunniff, 1999; Morye et al., 2000; Jacobs and Dingenen, 2001; Karthikeyan et al., 2013b; O'Masta et al., 2014) . The performance is dependent upon the composite architecture as well as fiber and (to lesser extent) matrix properties (Vargas-Gonzalez et al., 2011a,b; Lee et al., 1994 Lee et al., , 2001 Karthikeyan et al., 2013b) . The mechanisms responsible for projectile penetration in the velocity regime below that where hydrodynamic effects dominate, have been the focus of much recent research (Cheeseman and Bogetti, 2003; Grujicic et al., 2009; Parsons et al., 2010; Chocron et al., 2011 Chocron et al., , 2013 Greenhalgh et al., 2013; Karthikeyan et al., 2013b; O'Masta et al., 2014; Karthikeyan and Russell, 2014) , and are beginning to be resolved. Under distributed loading conditions, such that the local contact pressure remains below a critical value, the response is governed by membrane stretching (Phoenix and Porwal, 2003) facilitated by the outward propagation of microbuckle hinges (Liu et al., 2014) . In this regime, the kinetic energy of the impact is dissipated by straightening and elastic stretching of the fibers. Cunniff (1999) used scaling arguments to identify a material property (merit) index (given by the product of the longitudinal wave speed in the fiber direction and the mass specific energy absorbed by pulling the fibers to failure) that optimized performance in this regime.
However, if transverse (out of plane) deflection of the polymer composite is inhibited (by placement on a rigid foundation or http://dx.doi.org/10.1016/j.ijsolstr.2014.09.023 0020-7683/Ó 2014 Elsevier Ltd. All rights reserved. inertia), or if the projectile generates high contact pressure (high velocity impacts with localized contact area) at the surface of the polymer composite, a different mode of response is initiated (Woodward et al., 1994; Scott and Cheeseman, 2008; Karthikeyan et al., 2013b; Heisserer et al., 2013; O'Masta et al., 2014; Karthikeyan and Russell, 2014) . In this regime, tensile fiber breakage occurs in the compressed region beneath the projectile, and the laminate is progressively penetrated, even though only a strongly compressive force is applied to this region of the laminate by the projectile. While the dynamic penetration problem has yet to be solved, a quasi-static study recently published by Attwood et al. (2014) elucidated the mechanism controlling failure in these UHWMPE laminates. Attwood et al. (2014) uniformly loaded [0°/90°] cross ply laminates in transverse compression until failure, and used a three dimensional finite element (FE) model to analyze the experiment.
They showed that a tensile stress develops in the fibers as a result of the high anisotropy in lateral (Poisson) plastic strains transverse and parallel to the fiber direction of a unidirectional fiber reinforced ply, Fig. 2b . When these unidirectional plies are stacked in a [0°/90°] n arrangement, the high lateral plastic strain transverse to the fibers in one ply loads the longitudinal fibers in the plies above and below in tension via a shear lag mechanism, Fig. 2c . The compressive failure strength is then reached when the indirect fiber tension stress reaches the tensile strength of a unidirectional ply. They proposed an analytical shear-lag analysis that captures this indirect tension mechanism, and showed it to be in good agreement with the FE model predicted stresses. Since the composites investigated by Attwood et al. (2014) had a very low matrix shear strength (less than 10 MPa), but very high fiber strength (in excess of 3 GPa), plastic shear lag loading of the fibers occurred during transverse compression. This plastic response resulted in a ply depth independent loading of the fibers in the FE simulations which was incorporated in an analytical model of the transverse compression failure mechanism. We note that the ply depth independent stress for the plastically deforming ply differs from depth dependent stress observed within a ply under elastic shear lag-loading (Nairn and Mendels, 2001; Talreja and Singh, 2012) . A simplified form of the (plastic shear lag induced) indirect tension analytical model is presented in Appendix A.
The indirect tension model predicts that fiber failure can only be reached when the lateral dimensions of samples exceed twice the shear lag distance. This predicted sample dimension dependence to the compressive strength was observed in experiments (Attwood et al., 2014) . The model also predicts that reducing the thickness of the unidirectional ply, or increasing the matrix plastic flow resistance also increases the compressive strength and supporting experimental evidence for this was also reported (Attwood et al., 2014) . However, during experimental studies of the compression of UHMWPE composites conducted in parallel with the development of the indirect tension model, it became clear that both the compressive strength of a laminate and the variability in its strength depended upon the thickness a laminate. This feature of the compressive response was neither predicted by Atwood et al.'s analytic indirect tension model nor their three-dimensional FE simulations, and is the subject of the present study. Here we first investigate the through-thickness uniform compression response of UHWMPE fiber laminates as a function of both the in-plane sample dimension, L, and sample thickness, H. We find that thin laminates fail to reach their predicted strength, and link the strength reduction to increases in acoustic emission well before final (catastrophic) failure. We then use a variety of optical, ultrasonic and X-ray techniques to characterize these materials and identify the presence of a variety of defects. One of these is an elongated void that results from missing fibers, or groups of fibers, in a unidirectional ply. These findings prompted additional compression studies, including pressure distribution experiments, and tests using a bimodal ply thickness distribution. We show that missing fiber defects result in non-uniform loading of the samples, and a simple statistical model can be used to show that this is consistent with the measured thickness dependent compressive strength of UHMWPE fiber reinforced laminates.
List of symbols

Materials and fabrication
Material types
The study focuses upon the compressive response, and characterizes the structure of a representative grade HB26 Dyneema Ò (DSM, the Netherlands) UHMWPE fiber-polymer matrix composite whose architecture was shown in Fig. 1 . This non-woven composite has a Dyneema Ò SK76 fiber volume fraction of 83%, and utilizes a polyetherdiol-aliphatic diisocyanate polyurethane (PADP) resin for the matrix. The 17 lm diameter SK76 fibers are produced using a gel spinning/hot drawing process, capable of producing highly crystalline (>85 vol% orthorhombic crystalline phase) fibers (Smith et al., 1979; Smith and Lemstra, 1980; Kanamoto et al., 1988; van Dingenen, 1989) . After bundling 780 fibers into a yarn, a series of collinear yarns are then used in a ply production process in which bundles of fibers are coated in a polyurethane resin solution to form a four fiber thick, unidirectional ply. Four of these plies are then assembled into a cross-ply [0°/90°] 2 tape, the solvent allowed to dry, and the tape wound onto a 1.6 m wide roll. Strips of tape can then be cut from the roll, stacked and subjected to a hot-compaction procedure to form a laminate; as further discussed below.
To explore the generality of the phenomena discovered here, we also investigated five other UHMWPE fiber composite laminates. Each was composed of a compliant thermoplastic resin reinforced with a high volume fraction of UHMWPE fiber, and provided to us as in the form of [0°/90°] 2 tape. Table 1 identifies the six sample types investigated in the study, and tabulates their constituent materials and architecture. The fiber diameter was measured using a scanning electron microscope, and the average ply thickness was calculated from the thickness of a 240 ply consolidated laminate measured with a digital caliper. Dyneema Ò HB50 uses the same fiber as the HB26 grade, but a more compliant styrene-isoprenestyrene triblock copolymer (SISTC) resin for the matrix. The developmental, non-commercial, Dyneema Ò grades X106 and X131 used the same matrix as the HB50 grade, but were reinforced with higher strength, smaller diameter UHMWPE fibers, and thus had slightly thinner plies. Spectra Shield Ò II grades SR3124 and SR3136 are similar to HB50 and HB26, respectively, but are manufactured by Honeywell (USA) using Spectra Ò II UHMWPE fibers. The grade SR3124 used the more compliant styrene based matrix, while SR3136 used a polyurethane based matrix.
Laminate fabrication
Fabrication of the six tapes into laminates utilized an identical hot-compaction procedure. It will be shown below that all the tapes contained defects that extended a considerable distance in the fiber direction. To avoid stacking such defects close to each other in a laminate, 100 mm by 100 mm square sections of tape, with their sides in the fiber orientations, were cut from a 1.6 m by 1.6 m sheet of tape 1 and stacked to preserve the [0°/90°] tape architecture in a specific sequence as follows. A 100 mm by 100 mm grid was drawn over the full area of the tape, and the bottom left corner segment labeled section (1, 1) was selected as the first tape section in the stack. The diagonal (2, 2) segment was used for the second layer, (3, 3) for the third and so on until segment (15, 15) had been added. Segment (1, 2) was then inserted and the diagonal sequence continued. The number of plies, N (=2n), needed to form various thickness [0°/90°] n laminates is tabulated in Table 2 . The stack of tapes was then placed in grade 1578 nylon bagging film (Fibre Glast Development Corp., OH, USA), that had been coated with grade 1153 FibRelease Ò release agent (Fibre Glast Development Corp.) and inserted between two 3 mm thick ground steel plates. 2 This pressing kit was then positioned between two platens that had been pre-heated to 100°C, and a pressure of 20.6 MPa was applied to the 100 mm square surfaces of the laminate. The temperature was increased to 127°C and maintained for 15 min. The die/sample assembly was then cooled to 90°C, the pressure released and the sample allowed to cool to ambient. Two techniques were used to cut smaller samples from the pressed laminates: (i) Samples thinner than 2 mm were cut using either a sharp razor blade or a bench-top sheet metal shear; (ii) thicker samples were cut on a band saw after the laminate had been clamped between two 1.5 mm thick sacrificial plates of aluminum. Attwood et al. (2014) showed that the compressive behavior of a polymer fiber reinforced laminate is controlled by the quasi-static tensile strength of a ply, the inter-laminar shear strength and its pressure sensitivity coefficient. The former two parameters were therefore measured using laminate tension and inter-laminar shear tests using procedures similar to those described in Attwood et al. (2014) . The pressure sensitivity coefficient was determined from fitting the predicted strength to experiments as prescribed in reference Attwood et al. (2014) .
Laminate mechanical properties
Laminate tension
Tensile testing of UHWMPE laminates commonly employs nonstandardized coupon geometries and gripping methodologies to overcome significant specimen slip at the grip (Czechowski et al., 2012; Levi-Sasson et al., 2014; Russell et al., 2013) . Here the test methodology proposed by Russell et al. (2013) was modified by using hydraulic grips and a hole free gripping area, Fig. 3a . The coupons were milled from an eight ply, [0°/90°] 4 consolidated plate sandwiched between sacrificial pairs of aluminum plates. The outer 90°ply whose fibers were transverse to the sample longitudinal axis were removed in the grip region to reduce grip slip, and a pair of hydraulic grips applied a 50 MPa pressure to the gripped region of the coupon. A screw-driven mechanical testing machine then applied a nominal tensile strain rate of 10 À3 s À1 to the gauge section of the coupon, and a laser extensometer measured the displacement of two reflective tags adhered within the gauge section. The force to fail the sample was divided by half of the cross sectional area of a [0°/90°] lay-up to determine the ply tensile strength shown in Table 1 . Since the 90°ply carries almost no stress, this strength is a good measure of the 0°ply strength used in the Attwood et al. analysis (Attwood et al., 2014) .
Interlaminar shear
The inter-laminar shear strength, s 0 , was measured using a double-notch specimen proposed by Liu et al. (2014) and used elsewhere (Attwood et al., 2014; Karthikeyan et al., 2013a Karthikeyan et al., , 2013b , Fig. 3b . The sample design utilizes three notches (introduced into the coupon during the tape lay-up stage so as to minimize coupon damage) to generate a through-the-thickness inter-laminar shear stress. Each [0°/90°] 40 lay-up test coupon was 200 mm long Â 20 mm wide, and had a gage length of 20 mm, Fig. 3b and c. A screw-driven mechanical testing machine then extended the test coupon at a displacement rate of 1 mm min
À1
, and a laser extensometer measured the displacement of two reflective tags adhered to either side of the coupon gage section. The inter-laminar shear strength deduced from these experiments is included in Table 1 for each material. The ply tensile and inter-laminar shear strengths for the HB26, HB50 and X131 materials agree well with those reported by Attwood et al. (2014) .
Transverse compressive strength
Compression samples with in-plane dimensions of L Â L, were cut from laminated plates of thickness, H, Fig. 2a . Each sample was centered between two 50 mm long Â 50 mm wide Â 20 mm thick platens of A2 tool steel. The platens had been hardened to 64 HRC and ground to an average surface roughness (Ra) of 0.5 lm.
The platen face planarity was periodically tested using pressure sensitive films (grade HS Fujifilm Prescale, Fujifilm Corp., Japan), to confirm uniform contact across a sample. The sample/platen set-up was then centered between the load frame platens of a mechanical testing machine. For samples whose compressive failure force was less than 300 kN, an Instron (Norwood, MA) model 4208 equipped with either a 50 kN or a 300 kN load cell was used. For samples whose failure force exceeded this load, a Baldwin 1.33 MN universal testing machine was used. Duplicate samples were tested on each frame to ensure that they gave similar results. The samples were compressed at a displacement rate of 0.5 mm min À1 . The displacement was measured using a laser extensometer with laser tags attached to the sample platens. Both the normal stress, r n , and strain, e n , were recorded, and the peak compressive nominal strength, r max , determined for each sample. A minimum of five specimens were tested for each combination of material, sample length, L, and thickness, H.
During each compression test, acoustic emission (AE) was continuously monitored to detect stress waves that were generated by abrupt material failure processes (Eitzen and Wadley, 1984) . The thin sample size, and explosive nature of failure, precluded attachment of AE transducers directly to the sample. Instead a (model R15a, Physical Acoustics Corp; Princeton Jct., NJ) 150 kHz resonant piezoelectric transducer was attached to the side of the bottom sample platen with Dow Corning high vacuum grease couplant, Fig. 2a . A model 1220 2/4/6 pre-amplifier, with 20 kHz high-pass filter, amplified the signal by 20 dB. A PCI-2 18-bit A/D data acquisition system with an effective band-pass filter of 20 kHz to 400 kHz was then used to record the pre-amplified signal at a sampling rate of 1 MHz. The PAC AE-win acquisition software then analyzed the signal to identify discrete events. As a compromise between capturing new acoustic events and minimizing the recording of a previous event's reverberation as a new event, the event duration and lockout time parameters were set to 1200 and 600 ls respectively. Since tensile UHMWPE fiber failure has been shown to be a high amplitude (>80 dB) event compared to other failure mechanisms (matrix deformation, fiber-matrix debonding and delamination) (Wang et al., 2011; Zhuang and Yan, 2006) , the event threshold was set at 78 dB to avoid non-fiber failure related events. Table 1 . Typical nominal stress-strain responses of three L = 12 mm, 16 ply HB26 samples are shown in Fig. 5a . For the first sample (shown in black), the stress, r n , monotonically increased with strain, to a strain, e n % 0.2. The sample catastrophically failed at a nominal stress, r max = 1.13 GPa. Failure was highly energetic with ejection of fractured plies from the edges of the sample, and a very loud, single AE event, with an amplitude of 115 dB. Attwood et al. (2014) reported a similar loading response and catastrophic failure mode. The second sample, shown by the green curve, followed a similar loading path as the first, but failed at a lower stress of 1.05 GPa. A smaller 89 dB AE event was released just prior to the catastrophic 116 dB event. The third sample, shown in red, had three distinct >114 dB amplitude AE events with two occurring almost simultaneously and coinciding with a drop in stress at r n = 0.86 GPa. The sample stress then recovered, but only reached a value of r max = 0.88 GPa before catastrophic failure and release of a third, and final, AE event. Given the very high amplitude (>78 dB) of these AE events, we associate them with local tensile failure of plies, and the rapid redistribution of stress to surrounding un-failed material. Furthermore, AE events with amplitudes >110 dB coincided with a detectable drop in nominal stress.
In Fig. 5b we plot for each sample both the total number of AE events prior to final failure (light grey circles), and the number of smaller amplitude events <110 dB (dark grey circles) prior to final failure as functions of compressive strength, r max ; the number of large events (P110 dB) is therefore the difference between these two data points. For the L = 12 mm size samples, those reaching the highest recorded strength r max = 1.13 GPa released no AE emissions prior to final failure. However, as the strength decreased, the total number AE events increased. Furthermore, the sample with the lowest strength, r max = 0.87 GPa, released only two AE events prior to final failure, but both registered above 110 dB. Similar results are seen for sample sizes of L = 6, 9, and 15 mm. Hence, low strength values are correlated with increased numbers of AE events, with large amplitude events being especially detrimental to peak strength.
The number of AE events prior to final failure for 240 ply thick, HB26, HB50, X106 and X131 grade laminates is shown as a function of compressive strength in, Fig. 6 . In general, the number of AE events is again correlated with a reduction in laminate transverse compressive strength. It is also evident that the number of AE events for the experimental grades, X106 and X131, was greater than for the commercial grades, HB26 and HB50, Fig. 6a . Furthermore, both experimental grades registered more numerous large (P110 dB) AE events, while only two lower strength HB26 samples, and none of the HB50 samples, registered any, Fig. 6b . Of the two experimental grades, X131 registered more large, as well as total, AE events, and X131 which never attained its predicted strength, Fig. 4c , always had two or more large AE events prior to final failure.
Defect characterization
Optical imaging
A cross hatch pattern of light and dark contrast can usually be observed upon visual inspection of UHMWPE fiber reinforced tape. positioned in front of a diffuse white light source, and the central 150 Â 150 mm region was photographed with a Nikon D7000 DSLR camera mounted with a Micro-Nikkor 105 mm f/2.8 lens. Using Adobe Photoshop, the white and black levels of the digital optical transmission image were adjusted to enhance the contrast.
A photograph taken with optical transmission through a [0°/ 90°] 8 HB26 laminate is shown in Fig. 7a . Numerous light and dark bands are aligned with the X-and Y-fiber directions, and typically span the entire 150 Â 150 mm image window. Similar observations can be seen in the other [0°/90°] 8 laminates, Fig. 7b-f . The bands are present in the smaller diameter fiber X106 and X131 laminates, but their width is much smaller making them more difficult to observe, Fig. 7c and d . The Spectra Shield laminates SR3124 and SR3136, Fig. 7e and f, are qualitatively similar to their HB50 and HB26 counterparts. It is also evident that the crossing of two orthogonal light grey bands, results in an intersection of similar shade. However, the crossing of two darker grey bands results in a darker grey intersection, consistent with the notion that the dark streaks contain defects that scatter light.
The optical transmission of thicker, 120 ply laminates was also investigated, Fig. 8 . The images also contain printed brand and logo information which was distributed widely across the tapes from which the samples were constructed. The light and dark contrast bands are still clearly present, but compared with the 16 ply 
Ultrasonic C-scan
The thinner, [0°/90°] 8 , 170 Â 170 mm plates used for optical transmission imaging were also examined with ultrasonic attenuation C-scan imaging. Normally an ultrasonic couplant, such as water, is used to reduce the acoustic impedance mismatch (and surface reflection coefficient) between the medium supporting the incident signal and the sample. However, the ingress of the couplant into surface opening defects within the sample can occur, and reduce their signal attenuation contribution. Instead an aircoupled non-contact ultrasonic inspection technique was performed using facilities at QMI, Inc. (Huntington Beach, CA, USA).
The tests were conducted with a QMI Sondal 007CX Airscan instrument, using a pair of 225 kHz Airscan transducers. The receiver's gain and attenuation settings were adjusted to change the average received transmission signal to 80% of the receiver's saturation limit. The relative transmitted amplitude was recorded as the sample was translated in 1.016 mm steps over the X-Y plane. The amplitude data is then presented as an image at the same magnification and sample orientation used for optical transmission characterization.
An ultrasonic C-scan of the same area of the 16 ply HB26 laminate examined optically (Fig. 7a) is shown Fig. 9a . The light and dark contrast bands running the full length and width of the sample are again present, and in the same locations as the optical image. However, the lower spatial resolution of the ultrasonic image has led to an increase in the width of the bands, and some narrow bands were not resolved. Ultrasonic C-scan images of the 16 ply HB50, X131 and SR3136 laminates are shown in Fig. 9b-d and are similar to the HB 26 sample. It is concluded that the defects responsible for attenuating light transmission also attenuate the propagation of ultrasonic pulses through the thickness of the laminate. Similar highly elongated (>150 mm) and narrow (<5 mm) defects have been reported in other studies of these materials using ultrasonic transmission and terahertz radiation imaging (Chiou et al., 2012; Palka and Miedzinska, 2013) .
Micro X-ray computed tomography
To gain insight into the origin of the contrast variations, we conducted lXCT scans of low and high light (and ultrasound) attenuating regions in a 16 ply HB26 laminate. This technique images local changes in a materials density. We used an Xradia (Pleasanton, CA, USA) model lXCT-200, and rotated samples while collecting a series of 2D X-ray radiographs which were then reconstructed to obtain a three-dimensional image of the sample. The instrument was equipped with a 10Â magnification lens, allowing analysis of a 1.3 mm diameter by 1.3 mm long cylindrical volume with a voxel size of 1.365 lm. Samples 8 Â 8 mm in dimension were cut from [0°/90°] 8 plates at an orientation of ±45°to the plies. Each sample was placed between the X-ray source and detector, with its plies oriented ±45°to the axis of rotation. 4 The sample was rotated in 0.06°steps from À92°to 92°(at 0°, the plate normal was aligned with the X-ray path), and the series of X-ray projections reconstructed using Xradia's TXM Reconstructor software package. The computed volume was then visualized and analyzed with Avizo Fire v. 7 (FEI Visualization Sciences Group) software. A YZ-plane (laminate cross-section) tomogram of a low attenuation region is shown in Fig. 10a . The small diameter darker grey circles in the 0°plies are fibers running in and out of the plane of the image. The lighter grey regions located between the fibers is the matrix. The fibers in the 90°plies were more difficult to visualize, in part because they meander in and out of the observation plane.
The low attenuation of the laminate contained periodically distributed, vertically oriented (Z-direction) cracks. One such crack is identified by an arrow. An orthogonal cross-section image through this crack is shown in Fig. 10b . The crack in this image appears as a region of black and white pixels, which is representative of no material (a void) and a scanning artifact, respectively. shows a three-dimensional view of three orthogonal planes, where the voids have been isolated using the procedure described in Appendix B and rendered blue. One of the cracks propagating in the X-direction has been resolved in 3D. It is apparent the crack is only a fraction of a fiber diameter in crack opening displacement. These cracks resulted in a voided region volume fraction of about 3% existing throughout the composite. We identify these flaws as tunnel cracks (Ho and Suo, 1993; Xia et al., 1993 ) that form upon cooling after consolidation, as a result of the substantial anisotropy in thermal expansion coefficient of a ply (Barrera et al., 2005; Yamanaka et al., 2007) . The negative coefficient of thermal expansion in the fiber direction results in thermal elongation of the ply during cooling while the substantial positive coefficient of thermal expansion in the transverse directions (combined with a very low transverse tensile strength of the ply) results in thermal contraction (and fracture) upon cooling. This transverse contraction is impeded by the plies above and below, leading to the array of tunnel cracks.
A lXCT cross-sectional reconstruction of a high attenuating region is shown in Fig. 10d . While tunnel cracks are still present, the region has a higher concentration of voids (about 10 vol%) and a different type of defect that is elongated in the Y-direction and located at the interface of two plies (its location is identified by an arrow). An orthogonal cross-section through the elongated void is shown in Fig. 10e . The two cross-section images are consistent with a cylindrically shaped void whose long axis is parallel with the fiber direction in a ply. An absent fiber and insufficient matrix flow during consolidation would form such a void. It is not a delamination between plies as Fig. 10d may have otherwise suggested. A magnified image of the region marked by a square box in Fig. 10d is shown in Fig. 10f . Several of oval-shaped voids can be seen in two 0°plies. The plies appear poorly compacted rather than delaminated, because they are locally thinner than the average ply thickness h = 67 lm. From these observations it is concluded that plies have regions of missing fibers that result in long fiber-oriented voids. These voids provide optical and ultrasonic scattering surfaces, and their presence is therefore consistent with the source of the defects observed in previous optical and ultrasonic images.
It is clear from the lXCT observations that voids at different ply interfaces through a laminates thickness can sometimes overlap. To quantify this, the X-ray tomograms have been analyzed for the HB26 laminate and a histogram of the total thickness of voids summed through the laminate's thickness (in the Z-direction) is plotted in Fig. 11 for both low-and highly-attenuating regions shown in Fig. 10 . The total void thickness is binned in increments of 6.825 lm. The relative frequency was then determined from the area occupied within a binned thickness range, normalized by the total area analyzed in the X-Y plane. For a low-attenuating region, the average total void thickness was 26 ± 18 lm, Fig. 11a . In high-attenuation regions, the total void thickness was approximately normally distributed, with an average thickness of 100 ± 26 lm, Fig. 11c . Since a 16 ply HB26 laminate is about 1 mm thick, Fig. 11b , about 10% of the laminate's thickness consisted of voids in high attenuation regions, but only 3% of the thickness consisted of tunnel crack type voids in a low-attenuation region. Additionally, the total thickness of voids for both sampled volumes was substantially greater than the variance in laminate thickness, Fig. 11b and d .
To investigate the origin of the high attenuation region voids, we have examined the as-received HB26 [0°/90°] 2 tape prior to its consolidation. A backlit optical image of such a tape is shown in Fig. 12a . The cross-hatched light and darker contrast bands can be clearly seen. An X-ray radiograph of the region marked by the square box in Fig. 12a , is shown in Fig. 12b . The bright white cross-hatching aligns with the dark contrast bands in the Fig. 12a . In-plane crosssectional lXCT reconstructions of the same area are shown in Fig. 12c and d and reveal the prominent white lines in Fig. 12b to be phase contrast artifact located at material-void interfaces. The large void identified by the arrow in Fig. 12c is shown to correspond to a missing group of $8 fibers (2 fibers thick and 4 fibers wide) in Fig. 12e and f. Thus the origin of the missing fibers, and subsequent voids in the laminates, is traceable to missing fiber defects in the tape. Furthermore, the defects create variability in the ply thickness, and, while hot-pressing of the tape causes some rearrangement of fibers to fill some of the missing fiber voids, the volume of voids remains quite large in the conventionally pressed laminate. Of further note, the location of voids seems equally as probable in the internal two plies as the external two, further confirming that the defects arise during fabrication of the unidirectional plies.
Pressure distribution, tunnel crack healing and ply thickness distributions
To explore how the presence of missing fiber defects affected mechanical behavior, we first investigated the distribution of pressure over a laminate's loading area. We used grade HS, Fujifilm Prescale pressure sensitive film to record local pressures between 50 and 200 MPa at the surface of a compressed laminate. The film was placed between a 16 ply L = 30 mm HB26 laminate and the test rig compression platen. An optical transmission photograph of the laminate's central 27 Â 27 mm region is shown in Fig. 13a . The sample was then loaded to r n = 100 MPa, held for 20 s and unloaded. Fig. 13b shows a pressure map for the central 27 Â 27 mm region.
The pressure is highly non-uniform, with large areas exposed to <50 MPa of pressure and other small areas to >200 MPa. The low pressure bands are aligned with the X-and Y-fiber directions, and lower pressure regions existed at intersections of the low pressure bands. The persistence of these low pressure regions was tested by reloading the sample, with a new pressure film, to r n = 300 MPa, Fig. 13c . While the majority of the area surpassed the 200 MPa saturation limit of the film, portions of the lowpressure nodes were still present, with some registering a local pressure <50 MPa. The location of the low pressure regions were well correlated with the dark regions in the optical transmission image of the sample taken before testing, Fig. 13a . This indicates that the high optical (and ultrasonic attenuation) regions, which were shown by lXCT to contain high void concentrations due to missing fibers, are locations of significantly reduced load carrying capacity.
The pressure distribution of a thick, 240 ply, HB26 laminate has also been investigated. The optical image of the sample's central region again indicated the presence of fiber aligned high attenuation bands, Fig. 14a . These were well correlated with low pressure regions recorded by the pressure film after loading the sample to r n = 100 MPa, Fig. 14b . However, the pressure distribution was more uniform (more centered around 100 MPa) than the thinner laminate. Subsequent loading of the sample to r n = 300 MPa completely saturated the pressure film, indicating that no area registered a pressure below 200 MPa. It therefore appears that increasing the laminate thickness, improves the uniformity of load support. showing the numerous tunnel cracks within a 16 ply laminate. After scanning, the sample was loaded to r n = 400 MPa which is above the transverse yield strength of the plies, unloaded, and rescanned. A cross-section through the same location of the sample, after loading, is shown in Fig. 15b . The compressive stress was sufficiently high to cause transverse plastic (Poisson) deformation of the plies, and closure of the tunnel cracks. This was observed to have occurred with no permanent change in sample thickness.
To determine if the presence of the tunnel cracks had any effect upon the laminate compressive strength, five L = 35 mm, 16 ply, HB26 samples were first loaded to r n = 400 MPa and unloaded. A 5 mm border around the edge of each sample, which included the shear lag region, was then removed. The now L = 25 mm samples were then reloaded to failure and their average maximum strength found to be 1.01 ± 0.05 GPa. Non-preloaded samples had an average maximum strength of 1.05 ± 0.09 GPa. We conclude that tunnel cracks have negligible effect on compressive strength.
Detailed examination of lXCT scans, Fig. 15 , also indicated the presence of a large variance in ply thickness. The thicknesses of three 0°plies at various locations along the Y-axis are marked on Measurements reveal variability in both inter-and intra-ply thickness. Fig. 15b . Each ply was found to vary in thickness by at least 20 lm, and the average thickness of the ply marked by black arrows seems larger than the plies identified by white distance markers. A varying ply thickness is consistent with an uneven distribution of fibers during tape fabrication as exposed by lXCT, Fig. 12 . The recently developed indirect tension model of Attwood et al. (2014) predicts a significant effect of ply thickness (see Eqs. (A4) and (A6)).
To experimentally investigate the role of ply thickness variability we fabricated samples from single 0°ply HB26 pre-preg tape with a bimodal ply thickness of either [0°2/90°] 5 or [0°3/90°] 4 , and compared their strength to experiments and predictions for equivalent uni-modal [0°2/90°2] 4 and [0°3/90°3] 3 laminates with H % 1 mm thick. Laminate consolidation followed the same procedure outlined in Section 3, except the pre-preg tape stack was heated and pressed in a pocket die to prevent lateral extrusion and concomitant ply thinning. The compressive strength results and indirect tension predictions (using Eq. (A6) for uni-modal lay-ups), are plotted in Fig. 16 . Experimental results for samples made from the 0°ply pre-preg tape indicate that as the monoply thickness was increased from [0°/90°] 8 to [0°3/90°3] 3 , the transverse compressive strength at fixed sample size L decreased (as a Fig. 16 . The compressive strength, r max , as a function of sample length, L, of laminates of varying ply thickness, h, made from a unidirectional HB26 pre-preg ply. Predictions are made using the indirect tension model (Attwood et al., 2014) . 
Modeling and simulation
The effect of missing fiber (void-like) defects upon the transverse compressive strength can be understood by analysis of a simple model based on stress-shielding of defected regions. The following assumptions were used to assemble the model:
i. Only defects due to missing fibers are analyzed.
ii. Defects in a ply were collinear with the fiber direction.
iii. Defects were of infinite length.
iv. The defect to ply thickness fraction, g, was defined as the ratio of the thickness of a single defect, h d , to the ply thickness h. Thus, 0 6 g ¼ h d =h 6 1.
v. The defect locations were random and independent, occurring with a probability p.
The model has been used to investigate the HB26 grade; the material upon which the most comprehensive defect characterization could be performed.
The X-Y plane of a unidirectional ply of square in-plane dimension L was discretized into strips of uniform width, Fig. 17a . Each strip had an equal probability p of being a missing fiber defect. If 2n = N plies were generated in this manner, and combined to form a [0°/90°] n laminate of thickness, H, a square grid with crosshatches of overlapping (elongated void-like) defects is generated.
The sum of the void thicknesses, h d , assuming g = 1, in the Zdirection can then be computed as a function of (X, Y) location and is denoted r = r(X, Y). This quantity ranges in discrete values from 0 to N, Fig. 17a and c. The defective ply to laminated ply ratio is given by d(X, Y) = r(X, Y)/N. The defect model was implemented in MATLAB (software version R2013a) by assuming randomly distributed defect locations in each ply. For each strip within a ply, the function ''rand'' generated a pseudo-random number between 0 and 1. The numbers were then compared with the pre-established probability of a defect, p, and values less than p were designated a void. The [0°/90°] n laminate was then assembled, and the values of r, and then d, calculated. Fig. 18a shows a simulation of a 16 ply square laminate with a plate width to void width ratio of 150 and a void probability p = 0.05. The contrast represents the value of d: white regions being defect free and black regions having a defect in at least half of the overlapping plies. The majority of the area is observed either to be defect free or to have one defect. Slightly darker grey regions are seen at the crossing of orthogonally oriented defects or as bands where two collinear defects overlap. The area fraction of overlapping defects is however small. The effects of increasing the probability of missing fiber defects to 0.1 and then 0.15 is shown in Fig. 18b and c. A comparison with the backlit image of a 16 ply HB26, Fig. 8a , indicates a best match for a defect probability p = 0.1.
We then quantified the areal (in-plane) distribution of defect overlap in the Z-direction as a function of the defective ply ratio, d, for a given defect probability, p, using a probability mass distribution. We found that the probability mass, P, estimate for the area fraction of an infinitely long and wide laminate is well approximated by a binomial distribution:
where R is a discrete random variable describing the number of overlapping defects and ranging in value from 0 to N, P is the relative likelihood that the random variable R has a value of r (again r = Nd) overlapping defects, and N Nd is the number of possible combinations that results in r overlapping defects in a laminate N plies thick. Using Eq. (1), Fig. 19a shows the most likely defect distribution outcomes for each of the previously examined values of p.
For a defect probability of p = 0.05, the probability of there being no void-like defects (d = 0), which happens to be the most probable outcome, was P = 0.44. This is equivalent to 44% of the area being defect free through a laminate's thickness. The value of P then monotonically decreased with each increment in d. Increasing the void probability p changed the shape of the distribution. The probability mass P for d = 0 (no defects) decreased towards zero, the probability mass peaked at larger values of d, and the variance in d increased. These behaviors were also evident in the simulated laminates, Fig. 18a -c. The effect of increasing the laminate thickness for a fixed defect probability p = 0.1, can be seen in the simulated images Fig. 18d-f . Increasing the number of plies reduced the band contrast, especially at band overlaps, and homogenized the image. These observations are consistent with backlit images of 16 and 120 ply laminates, Figs. 7 and 8 respectively, and agree with a narrowing of the predicted probability mass towards a value of d = p = 0.1 as the laminate thickness increased from [0°/90°] 8 to [0°/90°] 120 , Fig. 19b .
The loading behavior of one of these infinite area (L 2 ! 1) laminates, having a random distribution of missing fiber (elongated void) defects like the one depicted in Fig. 17a -c can then be modeled using the most likely defect mass P(d) as given by Eq. (1). A laminate could hypothetically be rearranged into area fractions P(d) of defective ratios d, as shown at the left of Fig. 17d . If the laminate were then subject to an initial compressive displacement, the force would be first picked-up by the defect free area, followed by the area having only one defect in thickness after further displacement increments, and so on, Fig. 17d . If a region in such a sample fails when the compressive strength of an infinite laminate, r 1 i , given by Eq. (A4), is reached, the load supported by that region can be reassigned to other, yet to fail regions. Eventually, this redistribution of load will exceed the strength of the surviving laminate, and will define the laminate's transverse compressive strength.
To implement such a failure model, it is assumed that neighboring regions are independent and do not laterally transfer loads. It also assumes no shear lag region exists at the sides of each region. Such a combined load-shielding, indirect tension model was implemented with MATLAB. For an N ply laminate, an index i was used to track each of the N + 1 regions with a specific value of d, each having an area fraction P(d). An iterative loop was used to increment the nominal compressive strain applied to the laminate by De n , and then calculate the regional strains and stresses, and check for region failure. Starting at zero strain, the nominal strain applied to the laminate was: rði; jÞ P r
In the event of a local region failure, i.e. mði; jÞ < mði; j À 1Þ, then j was incremented by 1, the laminate nominal strain was updated to be e n ðjÞ ¼ e n ðj À 1Þ, and the new nominal laminate stress, r 1 n ðjÞ, was calculated. The incremental straining of the laminate, restarting from Eq. (2), continued until either:
All of the regions failed, i.e. P Nþ1 i¼1 mði; jÞ ¼ N þ 1
Or the stress fell to half of peak strength, i.e. r The HB26 properties provided in Table 1 were used as inputs for the load-shielding model. The stress-strain relation in Eq. (A2) required additional values for the transverse ply modulus, longitudinal ply modulus, shear modulus and transverse Poisson's ratio. Values from Attwood et al. (2014) for E m = 15 GPa, E f = 70 GPa, G 12 = 3 MPa, m = 0.5, were used. The strain increment was set to
De n ¼ 0:0001, equivalent to $1/4000 of the experimentally observed failure strain.
The load-shielding model's predicted nominal stress normalized by r 1 i verses nominal strain response for a defect free (p = 0) laminate is shown by the dashed line in Fig. 20 . The stress linearly increased with strain, and the laminate catastrophically failed at r 1 max =r 1 i ¼ 1 and e n = 0.15. The load-shielding model was then run for an infinitely long and wide 16 ply HB26 laminate using the defect distribution predicted by Eq. (1), a defect probability of p = 0.10 and a defect ply thickness fraction g = 0.4. The value of g was motivated by XCT imaging, Fig. 10 , and provided an effective void fraction of pg = 4 vol.%. In contrast with the homogenous laminate, the initial stress-strain response was more compliant, with laminate stiffness increasing to a strain of e n % 0.08. The rate of stiffening decreased with each newly engaged region of d, since the area fraction of each newly engaged region was an increasingly smaller fraction of the total engaged area, as apparent in Fig. 19b . After this stiffening stage, the stress linearly increased up to a strain of e n = 0.15, where the void free region, which accounted for 19% of the laminate area, again failed, and the stress abruptly dropped. The laminate continued to support a reduced load, and partially failed twice more before the stress fell below ½r Fig. 5a , a similar initial stiffening behavior that transitioned into a linear elastic response was observed (Attwood et al. (2014) also observed this initial stiffening behavior). Only a single experimental drop in load was observed for samples 1 and 2, but sample 3 failed in multi-steps, during which the load similarly fell and subsequently recovered as in the predictions.
When the laminate thickness was increased to 80 and then 240 plies, the initial simulated stress was very low until the strain e n % 0.02, Fig. 20 . However with further loading, the response stiffened at a greater rate than that of a 16 ply laminate before stabilizing with the similar linear-elastic response. Recall from Fig. 19 that an 80 ply laminate has a probability density of a defect free area of approximately zero, and the variance in d is much lower than that for a 16 ply laminate. These two defect distribution characteristics were responsible for the delay in hardening, and then the more rapid stiffening rate, of the thicker laminates. Failure of the first region within the 80 ply laminate again occurred at a strain of e n = 0.15, but since it occurred in a domain of very small area, the load continued to increase at a similar rate. By reducing the variance in d, the load was more evenly distributed over a larger fraction of the area and allowed the laminate to reach a strength r The effect of the defect ply fraction g upon the normalized strength verses laminate thickness relation is shown in Fig. 21b for a situation where p = 0.1. Increasing g significantly lowered the strength; most noticeably in thin laminates where it reached only 50% the strength of a defect free laminate. Increasing the void probability p, decreasing the number of plies N and increasing the defect ply faction g all reduce the laminate compressive strength.
The load-shielding model can be used to simulate the response of laminates of a finite length L if the predicted stress within the shear lag region at the edges of the sample is included (Eq. (A5) and (A6)) and the width of a missing fiber defect is approximated to be 1 mm, consistent with the observations of Fig. 10d. Fig. 22 shows the load-shielding model's predicted strength as a function of sample length L for both a 1 mm thick 16 ply (solid blue line) and a 15 mm thick 240 ply (solid red line) HB26 laminates with a defect probability p = 0.1, a defect ply fraction g = 0.4 and a defect distribution given by Eq. (1). The strengths monotonically increase with L, and the thicker 240 ply laminate exhibits a higher strength than the thinner 16 ply laminate at a given sample length. Experimental data for the 16 and 240 ply laminates replotted from Fig. 4a show very good agreement with prediction. Model laminates with random spatial distributions of missing fiber defects were then generated using the Matlab function ''rand'' and used as inputs to the load-shielding model. Fig. 22 shows the median strength values (bold dashed-dot lines) and 95% confidence intervals (colored bands) compiled from 10,000 simulations for each combination of sample thickness and length. The median values are similar to the predictions of Eq. (1), while the variance in strength is greatest for the thinner laminate. While the random defect distribution in the actual samples appears to be responsible for some of the variability in the experimental strength data, it does not account for it all. Other contributing factors to the experimental variability include variability in ply thickness, as discussed previously, and fiber strength.
For a final comparison to experiments, the load-shielding model was utilized to predict the pressure distribution results from Section 5. Using the same values of p = 0.10, g = 0.4 and a defect width of 1 mm, a 16 ply laminate was simulated, Fig. 13d , to match the backlit image in Fig. 13a . When compressed to r n = 100 MPa, a similar pressure distribution to the experiments, with load shielding of regions containing a higher defect concentration, was seen, Fig. 13b and e. After incrementing the stress to r n = 300 MPa, pockets of low pressure still existed at the intersection of void bands, similar to the experimental behavior, Fig. 13c and f. The simulated 240 ply laminate, Fig. 14 , also compared well against the experimental results, revealing a more homogenized pressure distribution in comparison to the 16 ply laminate.
It has been shown above that the compressive strength of UHWMPE reinforced cross-ply laminates is controlled by fiber tensile failure and increases with laminate thickness. While cross-ply CFRPs loaded in through thickness compression also fail by fiber tensile rupture (Gan et al., 2014; Kim et al., 2010) , the dependence of this strength upon sample thickness has not been ascertained. Studies by Jackson et al. (1992) and Kellas and Morton (1992) and a review by Sutherland et al. (1999) show a decrease in the tensile and flexural strength with increasing sample size. Weakestlink' statistical models (i.e. Weibull statistics) combined with linear-elastic fracture mechanics have been used to successfully predict the strength scaling with volume in these brittle materials. In contrast, the transverse compressive strength of the UHWMPE reinforced laminates studied here increases with sample size due to homogenization of elongated ''missing fiber'' defects and stress.
Concluding remarks
We have experimentally observed that increasing the thickness and area of [0°/90°] cross-ply UHMWPE fiber reinforced plastic composite laminates leads to an increase in the through-thickness (transverse) compressive strength of the laminate. In some material systems, the compressive strength of the thickest laminates approaches that predicted by a recently proposed indirect tension model (Attwood et al., 2014) , while the thinnest laminates have compressive strengths that are 30% to 40% below these predictions.
Using a combination of optical, ultrasonic and lXCT imaging methods, we have discovered that UHMWPE fiber-reinforced laminates contain elongated void-like defects consisting of pockets of missing fibers and resin that span long distances (>150 mm) in the fiber direction of a ply. Tunnel cracks arising from anisotropic thermal contraction during the cooling stage of the consolidation process are also observed. However, the removal of tunnel cracks, by cold pressing the laminate, had no effect upon the transverse compressive strength of the laminate.
By placing a high spatial resolution pressure sensitive film between a laminate sample and the compression platens, we have discovered that the pressure distribution over the area of the laminate is highly non-uniform. The films show low pressure bands that are aligned with the directions of the fibers, and correspond to the locations of ''missing fiber'' defect scattering regions as observed with optical and ultrasonic imaging. Using lXCT, we find that the missing fiber defects can be traced to the as-received prepreg tape. An uneven distribution of the small diameter ($15 lm) fibers results in a tape with considerable variability in ply thickness and fiber-and resin-free voids within a ply. A 20 MPa hotpressing procedure used to consolidate the laminates fills some of these defects by lateral flow of material. The progressive removal of these defects may explain the decrease in ultrasonic attenuation (Chiou et al., 2012) and the higher ballistic performance reported in Refs. Freitas et al. (2014) and Greenhalgh et al. (2013) 4 . The compressive strength of the bimodal ply thickness laminates decreases with increasing 0°ply thickness and matched the values for a monoply laminate made from the thickest ply. A laminate having variability in ply thickness may then have regions prone to earlier failure, and may explain in part the observed variability in compressive strength, where the lowest strength laminates produced the highest acoustic activity. These observations may warrant future study of ply variability.
A simple statistical model has been assembled to investigate the effect of missing fiber defects upon the compressive strength of a laminate. The model assumed defects were randomly located in plies and successfully simulated optical images of bands of missing fiber defects stacked in the thickness direction of the laminates. By accounting for load shielding within the voided regions, substantial reductions in transverse compressive strength were predicted when the missing fiber defect probability increased. The model also predicted an increase in compressive strength with sample thickness. Both predictions agreed well with experimental observations. The model predicts that the strength of a defective laminate always remains below that predicted by Attwood et al. (2014) defect free analysis, and is sensitive to the missing fiber defect distribution.
These findings may be relevant to ballistic impact applications of this class of composite since a ballistic impact event generates a localized region of high compressive stress below the projectile. 
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Appendix A. Shear lag loading model
To aid in analyzing the results, we briefly summarize Attwood et al.'s (2014) analytical indirect tension model for predicting the response of Dyneema Ò cross-ply laminates under uniform compression. The model is based on a ply's lateral strain anisotropy during through thickness compression, resulting in greater expansion strains transverse to the fibers than in the fiber direction, Fig. 2b . To maintain equilibrium between neighboring 0°/90°plies, a ply is placed in tension in the fiber orientation, r 11 , with an equal compressive stress in the in-plane transverse direction, r 22 , Fig. 2c . Invoking a Tresca yield criterion, the model predicts a dependence of the throughthe-thickness shear strength, r 31f , upon the applied pressure:
where s 0 is the shear yield strength in the absence of pressure and l is the pressure sensitivity. The pressure sensitivity parameter has been used as a fitting coefficient to the compressive strength data and has a value of near 0.05. 
When r 11 equals the ply tensile strength, r f , the compressive peak strength, r 1 i , is reached and given by:
For finite sized samples, a shear lag increases the stress from zero at the edge of the sample to a constant state of stress in the center of the sample, Fig. 2c . The shear lag length, y s , was given by:
where h is the ply thickness. At tensile failure, the shear lag length, y f ¼ y s ðr 11 ¼ r f Þ, and the compressive peak strength for a finite length sample is:
where a ¼ 2l=ð1 À lÞ. It follows that L P 2y f is the minimum sample length that will fail in tension.
Appendix B. X-ray tomogram analysis procedures
B.1. Void segmentation
The intensity value of each voxel within the reconstructed volume scales with the density of the material represented. Therefore, voxels representing air, having a low-intensity, were isolated with Avizo's ''threshold'' function. The variants of ''closing'' and ''opening'' functions refined the selection. The result was output to the software MATLAB, which calculated the total thickness of all voids in the Z-direction as a function of in-plane (X-Y) position and the porosity.
B.2. Laminate edge detection
The border of a solid material, i.e. fiber or resin, with air is marked by a high intensity scanning artifact, known as phase contrast. The voxels exhibiting phase contrast, in the regions within one ply thickness of the laminate surface, were selected using the ''threshold'' function. The variants of ''closing'' and ''opening'' functions refined the selection, and the result was output to MATLAB to calculate the thickness of the laminate as a function of in-plane (X-Y) position.
